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This  s tudy  exam ines  ACTH-l ike  immunoreac t iv i ty  in the pituitary pars  distalis and pars 
in termedia  o f  the f re shw a te r  teleost  Oreochromis mossambicus  (tilapia). T w o  p roduc ts  
( t A C T H A and t A C T H B) were  presen t  in both lobes.  T hese  two produc ts  also accoun ted  for 
the majori ty  of  the A C T H  i.r. when in vitro pars distalis incubation medium was ana lyzed  
by H P L C .  In a homologous  b ioassay the two tilapia ACTH-l ike  molecules  and hum an  
A C T H , , 39 possessed  similar cor t ico tropic  potency .  The  pept ides  were  quantified using a 
newly val idated rad io im m unoassay ,  which was also used to m easure  A C T H  in p lasm a of  
uns t re ssed  and s t ressed  fish. Shor t - te rm  (< 1 2  min) s t ress  rapidly increased  p lasma cort isol ,  
reaching  levels o f  a round  300 ng/ml in 5 min. Surprisingly,  this initial e levat ion was  not 
acco m p an ied  by a rise in p lasma A C T H  levels.  A more prolonged (3 hr) conf inem ent  in pairs 
resul ted  in high p lasma cortisol  and A C T H  levels in one fish o f  every  pair. The  second  fish 
had control  A C T H  levels and only marginally e levated  cortisol  levels. There fo re ,  in this 
species  social in terac t ions  seem to influence the react ion o f  the p i tu i ta ry- in te r rena l  axis to 
s t ress .  The  shor t - te rm  cortisol  response  to d is tu rbance  could be abolished comple te ly  by 
pre t rea t ing  fish in vivo with cortisol  for 48 hr. This  t rea tm en t  did not al ter  circulat ing A C T H  
levels.  It is conc luded  that tilapia did not rely on circulat ing A C T H  for a rapid e levat ion of  
p lasma cortisol  levels.  Both neuronal  m echan ism s  and cortisol  feedback  may regulate the 
p i tu i ta ry- in te r rena l  axis at the level o f  the interrenal.  © 1994 Academic Press, inc.
As in other vertebrates, in teleosts a 
tressor initially stimulates adrenal cortical 
.ctivity (Donaldson, 1981). Consequently, 
levated plasma corticosteroid levels are 
>ften considered an operational definition 
>f stress. Cortisol, the main teleost cortico- 
teroid produced by the interrenal cells lo- 
ated in the headkidney (Sangalang et al., 
972; Balm et al., 1989, for tilapia), exerts a 
ariety of functions, including regulation of 
nergy metabolism, ionic homeostasis, and 
mmune competence (Donaldson, 1981; 
vlaule et al., 1987; Barton and Iwama, 
991). Although there is no comprehensive 
nodel integrating these functions, most au- 
hors favor an adaptive function of cortisol 
luring stress, in particular during the initial
1 T o  w hom  c o r re sp o n d e n c e  should be addressed .
phase (Munck and N aray-F ejes-T o th , 
1992). Prolonged elevations of plasma cor­
tisol, however, will be one of the causative 
factors leading to the deleterious effects of 
chronic stress (Barton and Iwama, 1991). 
This illustrates the careful balance fish have 
to maintain in regulating the activity of in­
terrenal cortisol release. The stress re­
sponse in fish has been studied in a variety 
of species, and recently strains have been 
selected on the basis of the cortisol re­
sponse (Pottinger et al., 1992; Fevolden 
and R0ed, 1993). Interestingly, some of 
these strains also differed in their immune 
characteristics (Fevolden and R0ed, 1993). 
It has been reported that turkeys selected 
for low plasma corticosterone response to 
stress exhibited lower natural mortality and 
higher growth rate and egg production than
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high responding counterparts (Brown and 
Nestor, 1973). These results indicate the 
fundamental impact of the stress-related 
rise in corticosteroid output.
Although evidence is accumulating that 
the regulation of the interrenal cells in fish 
is more complex than previously assumed 
(Donaldson, 1981), ACTH is still consid­
ered the major corticotropic factor, basi­
cally because of its potency (Ranee and 
Baker, 1981). ACTH is the main splicing 
product of the prohormone POMC in the 
pituitary corticotropes, both in fish (Rod­
rigues and Sumpter, 1983) and in higher 
vertebrates (Jones and Gillham, 1988). De­
spite the many studies on the effects of 
stress on cortisol output in teleosts, rela­
tively little is known about the effects of 
stress on the pituitary corticotropes; this 
reflects a lack of sufficiently specific and/or 
sensitive assays for fish ACTH, in particu­
lar for nonsalmonids. Nevertheless, infor­
mation on ACTH, in addition to cortisol, 
would further increase insight into the reg­
ulation of the stress response in fish. The 
cortisol response to stressors is finely tuned 
by many mechanisms operating at the lev­
els of the hypothalamus, the pituitary, and 
interrenal. To date, evidence on these 
mechanisms in fish largely stems from in 
vitro data (Fryer et a l., 1984; Bradford et 
al.t 1992). The simultaneous measurement 
of plasma ACTH and plasma cortisol in ex­
perimental animals will yield valuable infor­
mation on the relevance of these regula­
tions in vivo. Furthermore, in salmonids 
(Sumpter et al., 1986) a rise in ACTH out­
put precedes the stress-related cortisol re­
sponse. Therefore, in some cases ACTH 
might be a more sensitive or even a more 
precise index for stress than cortisol.
An ACTH RIA for tilapia (Oreochromis 
mossambicus) has been developed and val­
idated using an antiserum previously dem­
onstrated to detect ACTH in a variety of 
vertebrates (Dores et al., 1993; R. M. 
Dores, personal communication). This as­
say was used to characterize ACTH-related
material in the pituitary [neurointermediate 
lobe (NIL) and pars distalis (PD)] and in 
incubation medium by HPLC and subse­
quent bioassay. To investigate the role of 
ACTH in stress-related corticosteroidogen- 
esis in this species, two stress protocols 
were tested: capture by netting (minutes) 
and capture + subsequent confinement in 
pairs (3 hr). Under these conditions, plasma 
cortisol, ACTH, and glucose were mea­
sured. Finally, aspects of the regulation of 
the corticotropes, including cortisol feed­
back, were investigated in vivo and in vitro.
MATERIALS AND METHODS
Mature  male tilapia (O . mossambicus)  f rom o u r  lab­
ora tory  s tock were  kept in g roups  o f  nine in 120-liter 
all-glass aquar ia  filled with artificial f re shw a te r  u n d e r  a 
12L/12D light regime. The  fish, weighing 18 ±  2 g (n = 
205), were fed tropical  fish food (Tetramin) .  The  re ­
sponse  to a shor t - te rm handling was invest igated by 
nett ing fish one by one from aquar ia  at regular  in ter­
vals. This  p rocedure  took 12 min,  during which seven 
fish were sampled.  Nine aquar ia  were  sam pled  this 
way,  which yielded nine fish cap tu red  as “ f i rs ts ,“  nine 
fish cap tu red  as “ s e c o n d s , ”  etc.  Im m edia te ly  upon 
removal  from the aquar ia ,  200 p.1 blood was  collected 
from the caudal  vessels  in ED TA /apro t in in ;  1.5 mg 
N a : EDTA/3000 KIU aprot inin  (Serva  G m b H ,  Heide l­
berg,  Germ any) .  N o  anes thes ia  was  appl ied;  the fish 
were killed by spinal t ransect ion .  P lasma was obta ined 
by cen t r i fuga t ion  (3 min,  10,000#), a l iq u o te d ,  and 
s tored at - 2 0 ° .  In each  aquar ium ,  the two remaining 
fish were  confined in a small net for 3 hr and then 
sampled as descr ibed .  T o  s tudy the effect  o f  steroid 
feedback  on the cap ture  response  and in vitro cortisol 
re lease,  fish were  p re t rea ted  for 48 hr with cortisol 
del ivered via the food. Briefly, T e t ram in  f lakes were 
sp rayed  with cortisol  d issolved in e thano l ,  which was 
evapo ra ted .  Contro l  food was  t rea ted  with e thanol  
only.  Eight g roups  o f  fish in = 7 per  aquar ium) were 
ei ther  given cort isol-containing meals  (four groups)  or 
given control  meals (four groups)  at / = - 4 8  hr and t 
= - 2 4  hr prior to sampling.  Each  meal was  \%  of  
total body weight;  total dose  per  48 hr  was  20 mg c o r ­
tisol/kg body wt.  Sampling took 9 min per  aquar ium.
Assays
Cortisol  was  m easu red  by rad io im m unoassay  using 
a commercia l  an t ise rum (Steranti  Res.  L td . ,  UK) .  The 
p rocedure  o f  the RIA using this an t i se rum  (validated 
p rev ious ly  for the m e a s u re m e n t  o f  cor t iso l  in fish 
plasma; Pickering et al., 1987) was slightly modified.
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briefly, 5 [l\ s tandards  or  u n k n o w n s  were  incubated  
>vernight with 100 fxl tri tiated cortisol  (4000 dpm ;  Am- 
rsham N eder land  BV, ’s H er to g en bo sch ,  The  Neth-  
rlands) and 50 ^1 an t i se rum  (diluted to yield one-third 
>f the t i ter  r e c o m m e n d e d  by the suppliers) .  All c o n ­
t i n e n t s  were  in p h o sp h a te  buffer- (0.01 M, Sigma 
’-4417; Sigma Chem ie ,  B ornem ,  Belgium) containing 
.1% (w/v) BSA (F luka  05475, F luka  C hem ie  AG, 
iuchs,  Switzer land) .  Free and bound horm one  were 
j p a r a t e d  by adding 1 ml o f  ice-cold dex t ran-coa ted  
harcoal  to each  tube conta in ing  2 mg Nori t  A (F isher  
Scientific C o m p a n y ,  Fair  L aw n ,  N e w  Jersey)  and 0.2 
ng dex t ran  (70 kDa,  F luka  31390, F luka Chemie  AG). 
The tubes  were  centr i fuged at 4° (1600#, 10 min in a 
ouan  CR 412), 800 fxl supe rna tan t  was  mixed with 4 
nl A q u a lu m a  scintillation fluid, and coun ted  in a Phar- 
nacia Wallac 1410 liquid scinti llat ion coun te r .  The  
ensit ivity o f  this assay  was  1.6 pg/tube,  and 25 pg 
ortisol half  maximally  d isplaced the labeled horm one  
rom the an t ibody .  The  intra- and in terassay  coeffi- 
ients o f  variat ion were  7.9 and 8.5%, respect ively ,  
he s tero id  w as  m easu red  in u n ex t rac ted  samples ;  
out inely ,  tilapia p lasma samples  were  di luted 10 t imes 
n assay  buffer.
T i lap ia  A C T H  w as  m e a s u r e d  by R IA  using  an 
tnt iserum raised against  A C T H , . 24 kindly dona ted  by 
‘ro fesso r  R. M. Dores  (see Dores  et al., 1993). Rou- 
i n e ly ,  25 \i.\ s t a n d a r d s  ( N I B S S ,  L o n d o n ,  U K ;  
iA C T H , .39) o r  u n k n o w n s  were  incubated  at 4° with 50 
il an t i se rum  (1:7000) and 100 jjlI assay  buffer (63 mM  
Ma2H P 0 4, 13 m M  N a 2E D T A ,  0.02% (w/v) N a N 3) con- 
’aining 25,000 K IU  aprot inin  (Bayer) ,  100 fxl Tri ton 
<-100 ( S i g m a ) ,  a n d  250 mg B S A  O R H D  20/21 
Hoechs t )  per  100 ml. After  72 hr, 4500 cpm iodinated 
iACTH,_39 (2000 Ci/mmol;  A m ersh am  N eder land  BV) 
n 100 fxl assay  buffer was added  to the tubes ,  which 
vere incuba ted  for a n o th e r  24 hr at 4°. Second  an t i ­
body (100 fxl; SA R  diluted 10 t imes in a 0.01% (w/v) 
abbit  IgG— Sigma I 5006— solution) was  then added 
o the tubes ,  which were  incubated  20 min at 21°. The  
econd  an t ibody  was  dona ted  by Professor  Benraad ,  
)epar tm en t  o f  Clinical Endocr ino logy ,  Universi ty  of  
Nijmegen, T he  N e the r lands .  Finally,  1 ml o f  an ice- 
old P E G  solution (7.5% w/v PE G  6000; Merck ,  Darm- 
tadt,  G e rm an y )  in assay  buffer (from which aprotinin 
nd BSA had been  omit ted)  was added ,  and the tubes  
vere centr i fuged (10 min,  1500#, Jouan  CR 412). The 
u p e r n a t a n t s  w ere  d e c a n t e d ,  and the pel le ts  were  
oun ted  in a  L K B  Wallac Clinigamma.
Pituitary and PD hom ogena tes  were  p repared  in all- 
:lass hom ogen ize rs  in 0.01 N  HC1, centr i fuged (30 
nin, 10,000#), and the superna tan ts  were  di luted in 
¡ssay buffer.  F o r  the d isp lacem ent  cu rves  only,  RIA 
ample  vo lume was 50 jjlI.
a - M S H  im m unoreac t iv i ty  was m easu red  by RIA fol- 
owing van Zoes t  et al. (1989). P lasma glucose was 
neasured  in depro te in ized  samples  using a com m er-  
ial kit (B oehr inger -M annhe im ,  G erm any) .
HPLC
R everse -phase  h igh-performance  liquid c h ro m a to g ­
raphy was performed as descr ibed  by M ar tens  et al. 
(1982). T o  the fract ions  col lec ted ,  10 |xg BSA was  
added ,  and the samples  were  dried in a Speedvac  (Sa­
vant) .  Peptides  were  dissolved in 0.1 N  H C l /M eO H  
(1:1), and A C T H  and a - M S H  immunoreac t iv i t ies  were  
m easured  by RIA.
Superfusion
Superfus ions  of  headk idney  or  pi tuitary rostral  pars 
distalis  t i ssues  were  per fo rm ed  as desc r ibed  p rev i ­
ously (Balm, 1986) with the excep t ion  o f  the flow rate 
during the headk idney  incubat ions  (75 fil/min). H e a d ­
kidney t issue was pulsed with dried (Speedvac)  H P L C  
fractions or hACTH,_39 (Peninsula  L abora to r ie s ,  E n ­
gland) d issolved in superfus ion  medium.  Pars distalis 
t issue was  chal lenged for 10 min with a hypotha lam ic  
ex trac t  (H E ;  2 hypothalami p repared  in 0.01 N  HC1, 
and subsequen t ly  diluted 100 t imes in superfus ion  m e ­
dium),  ovine C R H  (10 min,  0.5 nM; B achem ,  Buben- 
dorf,  Switzer land) ,  o r  a high K + pulse (5 min, 50 mM). 
The  maximally s t imulated re lease rates  were  tes ted 
against  the effect o f  a saline pulse (to o v e rco m e  the 
increase in spon taneous  A C T H  release;  see Results)  
and were expressed  as percentage  o f  prepulse  values.  
Prepulse  release rates  were  3.6 ±  0.5 pg/min/PD (H E  
exper im en t ,  n =  10), 3.4 ±  0.4 pg/min/PD (CRH e x ­
per iment ,  n = 12), and 4.9 ±  0.6 pg/min/PD (K ' e x ­
per iment ,  n = 30). The  saline values from the three 
exper im en ts  were pooled,  yielding n = 26. The  pulses 
were  given at t = 220 min.
Statistics
All da ta  are p resen ted  as average  ±  S E M .  T o  test  
differences be tw een  exper imenta l  g roups ,  da ta  were  
analyzed by the M a n n -W h i tn e y  U test ;  P <  0.05 was 
accep ted  as a significant level o f  difference.
RESULTS
Serial dilutions of plasma from stressed 
tilapia and pituitary homogenates displaced 
radiolabeled ACTH from the antibody in 
parallel with dilutions of the standard used 
(Fig. 1). The assay procedure produced a 
very reproducible standard curve and could 
measure ACTH levels in plasma samples 
(25 jjil) from unstressed animals: 47 ± 4 pg/ 
ml (n = 25). The detection limit and the 
ED50 were 0.32 and 4.3 pg per tube, respec­
tively; intra- and interassay coefficients of 
variation were 6.2 and 7.2%, respectively.
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dilution lilapia pituitary/pars cJislalis
dilution plasma 1:105 1:104 1:103
^ B0 1.16 1:8 1:4 1:2 neal
0.8
0.6
0 4
0 . 2
0 1 10 100 20.000 100.000
pg ACTH pg u-MSH
F i g . I. A C T H  R1A s tandard  and d isp lacement  curves .  The  s tandard  cu rves  p resen ted  is c o n ­
s t ruc ted  from three  separa te  curves .  Plasma was obta ined  from s t ressed  (2 hr conf inement)  tilapia and 
t rout :  50 p.l o f  undiluted (“ n e a t " )  or  diluted (up to 16 t imes with assay  buffer) p lasma was  used.  For  
the pituitary and the pars  distalis hom ogena tes ,  three and two lobes respect ively  were  hom ogen ized  
and diluted up to 100,000 t imes (1:10s) in assay  buffer; 50 (jlI of  these di luted samples  was assayed .  
cx-MSH was  m onoace ty la ted  a -M S H  from Bachem.
The cross-reactivity with monoacetylated 
a- MSH was negligible. Three other anti­
bodies were tested: one donated by the 
NIDDK (previously demonstrated to cross- 
react with goldfish ACTH-like molecules; 
Tran et al., 1989), and an antibody directed 
against the N-terminal portion of the ACTH 
molecule (u N-term," donated by Professor 
Sumpter; Sumpter, 1986), and an antibody 
from the IgG Corporation (Nashville, TN), 
which is highly sensitive and has been used 
to m easure  salm onid ACTH by RIA 
(Sumpter and Donaldson, 1986; Balm and 
Pottinger, 1993). These antibodies did not 
satisfactorily detect tilapia ACTH-like ma­
terial in our RIA system, assessed from the 
lower sensitivity (NIDDK, N-term), or 
poor displacement curves with serial dilu­
tions of tilapia pars distales homogenates 
(NIDDK, IgG; not shown). Conversely, the 
present antibody could not measure rain-
bow trout ACTH in plasma as judged by the 
poor displacement of radiolabeled ACTH 
by dilutions of plasma from stressed troui
(Fig. 1).
HPLC analysis of the ACTH immunore- 
activity in tilapia pituitary homogenates re­
vealed the presence of two products in both 
the PD and the NIL, which eluted from the 
column prior to the hACTH ,.39 standard 
(Fig. 2). The ratio between the peak areas 
of the two ACTH-IR peaks was similar in 
both lobes, but the pars distalis contained 
approximately eight times more ACTH im- 
munoreactivity than the NIL. The more 
apolar ACTH product (“ A” ) coeluted with 
monoacetylated a-MSH. Although the ma­
jority of the a-MSH immunoreactivity was 
recovered from the NIL homogenate, sig­
nificant amounts of desacetylated-a-MSH 
in particular were present in the PD. The 
relative amounts of the three a-MSH prod-
trout plasma
tilapia plasma
pituitary
pars distalis
h ACTH
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F i g . 2. H P L C  im m unogram s  of  tilapia pars distalis and neuro in te rm edia te  lobe hom ogena tes  ( • ) .  
The  open  circles  i llustrate the elution profiles o f  A C T H  and a - M S H  s tandards .  Please note the 
different Y axes  in the two a - M S H  panels.  PD and N I L  lobes from two Fish were  hom ogen ized  and 
sub jec ted  to H P L C .  Between  10- and 25-min 0.3-min fractions were  col lected;  0.5-min fract ions were 
col lec ted be tw een  25 and 45 min. The  major  a - M S H  im m unoreac t ive  peaks  in this sys tem  have been 
d em o n s t ra te d  previously  to represen t  tilapia des-,  mono-,  and d iacety la ted  a - M S H  (L am ers  et al., 
1991).
cts was distinctly different in the two 
jbes.
When tested in a homologous bioassay, 
oth H PLC purified im m unoreac tive  
vCTH products were corticotropic (Fig. 3). 
apparently, at the concentration tested 
2500 pg ACTH-IR/ml), both tilapia prod- 
icts evoked similar responses as the human 
tandard.
During in vitro incubation, tilapia corti-
cotropes released both ACTH products 
(Fig. 4a; A and B). The ratio between the 
amounts of both ACTH forms was similar 
to that in the lobe. In addition, a minor frac­
tion of total medium ACTH immunoreac- 
tivity was recovered in several smaller 
peaks. Initially, the NIL and the PD re­
leased equivalent amounts of ACTH (Fig. 
4b), but with time the melanotropes did not 
maintain this release rate, and from 80 min
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cortisol release (pg.mirf1 g '1)
8
6
0
tACTH, tACTH
D
hACTH 1-39
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t (mm)
F ig . 3. Cort ico t rop ic  activity o f  tilapia A C T H  im m unoreac t ive  products .  Peak H P L C  fract ions 
from a pars  distalis hom ogena te  and a A C TH  s tandard  run were dried and dissolved in superfus ion  
m edium  to yield a concen t ra t ion  o f  2500 pg/ml. H eadk idneys  from control  fish were chal lenged with 
these solut ions  for 20 min. Results p resen ted  as increase in cortisol  release ove r  basel ine re lease.  
Baseline cortisol  release was  1.6 ±  0.4 pg/min/g ( t A C T H A; n = 12), 1.5 0.5 pg/min/g ( t A C T H B; n 
= 12), and 1.1 ± 0 . 4  pg/min/g (hACTH,_39; n =  8).
in vitro onwards the PD released signifi­
cantly more ACTH than the NIL (P = 
0.014). At t = 340 min, the release ratio 
between the PD and the NIL was 11.7 ± 3.4 
(Fig. 4; n = 4). In vitro a-MSH release by 
the two lobes (not shown) gave the opposite 
picture, with the PD releasing undetectable 
amounts of a-MSH. The amount of ACTH 
released by the NIL during the initial 80 
min approximated the ACTH content of a 
fresh NIL (Fig. 1). The in vitro release of 
ACTH by the PD could be stimulated by a 
hypothalamic extract, CRH, and K * depo­
larization (Fig. 4c).
Tilapia appeared very sensitive to se­
quential sampling from groups judged by 
the extremely fast cortisol response (Fig. 
5). At none of the sample points was the 
rise in plasma cortisol values (P <  0.001 
compared with the animals caught first) ac­
companied by significant rises in either 
ACTH or glucose in plasma. The discrep­
ancy between ACTH and cortisol levels
was most notable in the fish caught second. 
From each of the nine groups sampled, the 
last two remaining fish were confined in 
their home aquaria for 3 hr. After this pe­
riod, a marked dichotomy in cortisol levels 
was observed (Fig. 5). In every pair, one 
fish had control or moderately elevated cor­
tisol levels, whereas the other fish exhib­
ited levels of several hundred ng/ml. This 
difference was not related to the sequence 
in which the fish were sampled from each 
pair (30 sec in between the fish from each 
pair). When averaged separately, the corti­
sol levels in low responders (L) were lower 
than those in the fish captured just prior to 
the confinement period, but were twice 
those of fish captured as firsts. The high 
responders (H), however, maintained ex­
tremely high cortisol levels, which were 
significantly higher than those in the fish 
captured just prior to the confinement pe­
riod (P = 0.027). The high significant dif­
ference in cortisol levels between the high
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F i g . 4. in vitro A C T H  release by tilapia PD lobes.  For  the A C T H  H P L C  im m unogram  (a), two  PDs 
were  incubated  for 1.5 hr in 1 ml o f  incubation medium, which was  subsequen t ly  subjected  to H P L C .  
T o  assess  the uns t imula ted  in vitro A C T H  release rates (b), four PDs and four N IL s  were  superfused  
individually for 340 min. The  effect o f  a hypotha lamic  ex t rac t  (HE) ,  C R H .  and K ’ depolar iza t ion  was 
invest igated using PDs in superfus ion  (c).
nd low responders also corresponds to dif- 
3rences in the ACTH levels of the same 
idividuals. In this case, only the ACTH 
:vels in the high responders were signifi- 
antly higher than those of the unstressed 
sh (“ firsts '1). In contrast to the divergence 
i the cortisol and ACTH responses to con­
cernent, both groups were equally hyper- 
lycemic.
The cortisol response to the capture pro- 
edure could be abolished completely by in 
ivo cortisol treatment (Fig. 6a): none of 
ie cortisol values of the cortisol-treated 
sh were different from the value in the fish 
aught first. In the control groups, there 
;as a significant capture sequence effect 
'hich was evident from the fish caught sec- 
nd onwards {P = 0.014). Cortisol levels in 
ortisol-treated animals caught first were 
ignificantly higher than their control coun- 
îrparts (P = 0.029). Despite the different 
Drtisol response to the capture protocol in 
le experimental groups, their plasma 
CTH levels were similar: 55 ± 9 versus 59 
11 pg/ml for controls (n = 27) and corti- 
)l-treated fish (n = 28), respectively. The 
ilues from the two groups were pooled be-
cause there was no fish number effect on 
plasma ACTH in either group. Two other 
parameters were affected by cortisol treat­
ment: plasma glucose [68.9 ± 5.2 versus 
122.1 ± 8.2 mg/100 ml for the controls (n = 
28) and for cortisol-treated fish (n = 28), 
respectively; P < 0.001] and in vitro corti­
sol release (Fig. 6b). To limit the possible 
influence of the capture sequence on this 
parameter, only the headkidneys from the 
first two fish from each groups were super­
fused in vitro. The spontaneous cortisol re­
lease in the cortisol-treated group was 
lower than in controls (P = 0.014 during the 
first fraction collected). This difference per­
sisted during the entire incubation, al­
though both curves seemed to have similar 
baselines.
DISCUSSION
The present study demonstrates the pres­
ence of two major ACTH immunoreactive 
products in the corticotropes and the mel- 
anotropes of tilapia (O. mossambicus). 
Both forms are released in vitro into the 
medium, in particular by the corticotropes.
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F ig . 5. The  effects  o f  two handling t rea tm en ts  (capture  or  cap tu re  followed by conf inement)  on 
p lasma cort isol ,  A C T H ,  and glucose in tilapia (n = 9 for each  da ta  point).  The  effect o f  cap tu re  + 
conf inem ent  in both “ L ”  and “ H "  fish (for explanat ion ,  see text) was  co m p ared  to values  o f  the fish 
cap tu red  first at t = 0 min (significant differences indicated over  the bars).  Differences b e tw een  the L 
(n =  9) and H (// =  9) re sponses  are also given.
In contrast to the situation in higher verte­
brates and in salmonids (Sumpter et cil., 
1986), the cortisol response to handling was 
not preceded by a rise in plasma ACTH. A
prolonged stress treatment, however, (con­
finement in pairs) resulted in both cortisol 
and ACTH responses. However, this was 
evident in only one fish of every pair, pos-
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Fig .  6. The  effects  o f  cortisol  adminis t ra t ion  on the react ion o f  the p i tu i ta ry- in te r rena l  axis to a 
cap tu re  protocol  (a), (b) The  in vitro cortisol  release by the headk idneys  o f  the exper imenta l  fish (/; = 
8 per  g roup;  see text for details).  Closed and open  circles refer to control  and cor t isol- t reated  fish, 
respect ively .
ibly indicating a social interaction in the 
egulation of the pituitary-interrenal axis 
uring confinement stress in this species. 
There are several reasons why the two 
Timunoreactive products identified by 
IPLC are concluded to represent tilapia 
vCTH. First, the antiserum used has been 
emonstrated to detect ACTH molecules in 
variety of (nonmammalian) vertebrate 
pecies (Dores et cil., 1993; R. M. Dores, 
ersonal communication). Second, both 
roducts were bioactive in a homologous 
ioassay. The finding that the bioactivity 
/as comparable with that of the hACTH ,_39 
upports our identification since none of 
íe other POMC-derived peptides identi- 
ed to date in other vertebrates possess 
Drticotropic activity comparable to ACTH 
^owry, 1984; Ranee and Baker, 1981). For 
iis reason the small contamination of the 
VCTHA HPLC fraction with monoacety- 
ted a-MSH (5% maximally) may be as­
sumed not to interfere in the bioassay. Pro­
lactin, the only major non-POMC factor in 
the tilapia rostral pars distalis, elutes at 46 
and 50 min (tPRL ,77 and tPRL188, respec­
tively) in the HPLC system used (Balm, un­
published). Third, the different results ob­
tained with tilapia PD and NIL tissue con­
firm the characteristic picture of POMC 
processing in these two pituitary lobes. Fi­
nally, the release of ACTH immunoreactiv- 
ity could be markedly stimulated with
CRH.
The ACTH radioimmunoassay described 
combined sensitivity with specificity for ti­
lapia ACTH-like molecules in particular, 
and could be used to measure ACTH im- 
munoreactivity in tilapia, but not in trout 
plasma. It appears that the species specific­
ity between fish ACTH molecules is con­
siderable because for three species studied 
(goldfish, Tran et cil., 1989; salmonids, 
Sumpter, 1986; tilapia, this study) three dif­
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ferent antibodies have been used which 
were demonstrated not to be interchange­
able (Sum pter, 1986; this study). The 
ACTH antibody used possesses 10% cross­
reactivity with CLIP (Dores et al., 1993). 
Therefore, on the basis of the amount of 
a-MSH in the NIL homogenate, a major 
(third) peak in the NIL ACTH immuno- 
gram was anticipated. Its absence indicates 
that the antibody does not detect tilapia 
CLIP. Comparison of the present data with 
those obtained with other species confirms 
the species specificity: two major immuno- 
reactive products in tilapia (see Tran et al., 
1989, for goldfish), which appear identical 
in PD and NIL (see Sumpter, 1986, for Chi­
nook salmon), and which both possess a 
ratio between immunoreactivity and bioac­
tivity of around 1 (see Scott and Baker, 
1975, for rainbow trout). Therefore, the ti­
lapia data in particular comply reasonably 
well w'ith the characteristic vertebrate pic­
ture (Jones and Gillham, 1988). It seems un­
likely that these discrepancies between fish 
can be explained solely by the different 
methods (separation, assays) employed, 
and therefore indicate species-specific cor- 
ticotrope functions. At present, the nature 
of the different forms in tilapia is unclear. 
The fact that both tilapia forms are released 
into the medium might indicate differential 
processing of POMC in the corticotropes of 
this species, possibly leading to phosphor- 
ylated and nonphosphorylated forms (Ben­
nett et al., 1983) or to molecules of varying 
size (e.g., by carboxypeptidase activity; 
Friedman et al., 1993). The possibility that 
one of the forms represents POMC can be 
excluded, since the prohormone elutes at 
41 min in the HPLC system used (Martens 
et al., 1982). Different degrees of glycosy- 
lation appear unlikely on the basis of the 
data by Iturriza and Estivariz (1986).
The a-MSH immunoreactivity present in 
the tilapia corticotropes indicates process­
ing of ACTH in PD POMC cells of this spe­
cies. The presence of a-MSH did not result 
from contamination of the PD with NIL tis­
sue or of residual NIL a-MSH on the 
HPLC column, since the ratio between the 
three a-MSH forms was different between 
the two tissues. The processing of ACTH 
into desacetylated a-MSH in particular has 
also been demonstrated in the corticotropes 
of other vertebrates (Tanaka and Kuro- 
somi, 1986; Dores et al., 1993). A function 
of this process is unclear, but it has been 
observed to be most prominent during fetal/ 
neonatal developmental stages (Dores et 
al., 1993) and to be under regulation by 
CRH (Iturriza and Ferese-Spinelli, 1991).
A surprising finding was the increase in 
unstimulated ACTH release by tilapia PD 
tissue with time in vitro since these data are 
in conflict with in vitro data of Tran et al. 
(1989) on goldfish. However, Ball et al. 
(1972), studying the corticotropes of sev­
eral fish species during in vitro culture, also 
reported an apparent activation of eel and 
rainbow trout ACTH cells under these con­
ditions. This was taken to indicate a spe­
cies-specific regulation of corticotrope 
function. The present data may indicate an 
overriding inhibitory control of basal secre­
tory activity of tilapia corticotropes in vivo. 
At present the additional peaks in the 
HPLC immunogram of the incubation me­
dium are unknown. They might either re­
sult from release-associated modifications 
of one or both of the major products or arise 
in the medium (e.g., sulfoxide forms of 
ACTH). However, only a small fraction o 
the total immunoreactivity was recovered 
in these peaks. These products are con­
cluded to be of minor importance because 
the high steroidogenic potency of the two 
major ACTH-like products (tACTHA and 
tACTHB), probably precludes, a major bi­
ological role for other products. In addition 
to the differences in both ACTH and 
a-MSH release between the NIL and the 
PD POMC-producing cells, it also appeared 
that the pattern of unstimulated ACTH re­
lease by the melanotropes differs signifi­
cantly from that of unstimulated a-MSH re­
lease by these cells (Lamers et al., 1991).
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1 he differences in PD and NIL ACTH con- 
nt and release suggest that the PD is the 
i ajor source of circulating ACTH in tila- 
? a. A similar conclusion was drawn for 
out by Rodrigues and Sumpter (1983). 
The almost immediate cortisol response 
> handling in O. mossambicus corrobo- 
• tes recent results of Foo and Lam (1993) 
31 the same species. Although these au- 
ors also sampled their fish by netting 
iem one by one, they did not observe the 
' sh number effect reported here, possibly 
"}cause of the additional anesthetization 
, ep used by these authors. The prompt- 
i:ss of the response in tilapia is illustrated 
3St by comparison with that in brown trout 
• a similar handling protocol (Pickering et 
1982). The data of Sumpter et al. (1986) 
n rainbow trout also indicate that plasma 
>rtisol levels did not react to handling and 
mfinement within 8 min. Also, in humans 
>rtisol responses become manifest after 10 
in (Hermus et al., 1984). In addition to the 
pid onset of the cortisol response to dis- 
irbance, a second notable feature of the 
sponse in tilapia is the ability of (a subset 
f) the animals to rapidly lower their 
iasma cortisol levels in the continuous 
*esence of the stressor. An efficient corti- 
>1 clearance mechanism probably plays an 
iportant role in this process. Foo and 
am (1993) demonstrated that during the 
rst hour after a stress treatment plasma 
>rtisol in O. mossambicus had dropped 
om 144 ng/ml to control levels (5 ng/ml). 
*evious results on the effects of cortisol 
lministration on plasma cortisol levels 
»aim, 1986) corroborate the short half-life 
cortisol in tilapia plasma suggested by 
e data of Foo and Lam. The ability of 
apia to quickly downregulate the activity 
the pituitary interrenal axis will be of ob- 
dus advantage to the fish, since in this 
\y they are able to benefit from the alarm 
nction of interrenal activation, but can 
oid the deleterious consequences of pro- 
iged elevations in plasma cortisol (Bar-
i and Iwama, 1991).
A unique feature of the initial interrenal 
response in tilapia subjected to handling is 
its apparent ACTH independence. In some 
of the groups studied, individual fish had 
elevated plasma ACTH levels. However, 
there was no correlation between plasma 
cortisol and plasma ACTH (r = 0.12, P > 
0.05, n = 63), which further supports the 
conclusion that during the first minutes 
ACTH and cortisol are independently reg­
ulated. The response to confinement in par­
ticular in the high responders, however, in­
dicates that a more prolonged activation of 
interrenal cortisol output might rely on ele­
vated ACTH levels. The divergence in the 
interrenal response to confinement ties in 
with reports on eel (Peters et al., 1981) and 
rainbow trout (Pottinger and Pickering,
1992), in which fish were also exposed to 
confinement in pairs. The present data ex­
tend this difference to the pituitary level. 
The different response in pairs usually is 
discussed in terms of hierarchy, the low re­
sponders being dominant. Tilapia species 
are hierarchal (de Oliveira Fernendez and 
Volpato, 1993), and therefore we suggest 
that in our fish differences in hierarchal sta­
tus (established prior to or during the con­
finement period) underly the different 
stress responses. As suggested for other 
species, this phenomenon might selectively 
predispose high responders to infectious 
diseases (Maule et al., 1987), as well as re­
duce their development and growth rate. 
Other relevant features include the facts 
that subordinates generally suffer most 
from additional stress conditions (Schreck, 
1981) and social rank in some fish is asso­
ciated with interrenal mass (Erickson, 
1967) and interrenal cell activity (Noakes 
and Leatherland, 1977; Schreck, 1981). 
Whether differences in HPA axis activity 
associated with social status are also ex­
pressed anatomically at levels other than 
the interrenal is unknown. Social regulation 
of the brain-pituitary-gonadal axis in Hap- 
lochromis burtoni (an African cichlid fish) 
occurs through reversible modulation of
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soma size changes in a population of GnRH 
neurons in the ventral forebrain, territorial 
males having larger cell bodies (Francis et 
al., 1993).
The results of the cortisol administration 
experiment confirm the apparent ACTH in­
dependence of the initial cortisol response 
since cortisol treatment abolished the cor­
tisol response to capture but did not affect 
plasma ACTH levels. The data further sug­
gest that tilapia corticotropes are relatively 
insensitive to direct corticosteroid feed­
back, which may seem surprising in view of 
previous in vivo and in vitro results in other 
fish (Pickering et a l 1987, Olivereau and 
Olivereau, 1989). However, Fryer and Pe­
ter (1977) demonstrated that implanting 
cortisol-releasing pellets adjacent to the 
NLT or NPO of the goldfish hypothalamus, 
but not in the pituitary, inhibits the cortisol 
response to handling (saline injection). 
They concluded that in their species, corti­
sol mainly acted at the level of the hypo­
thalamus to inhibit the reaction of the cor­
ticotropes to handling. One conclusion that 
can be drawn from the present data is that 
the plasma cortisol level is not a reliable 
index for corticotrope activity (Fryer and 
Peter, 1977) because the results demon­
strate that plasma cortisol levels may be el­
evated in the absence of corticotrope acti­
vation. Two mechanisms might explain this 
cortisol-induced inhibition of the interrenal 
stress response in tilapia, which apparently 
bypassed the ACTH cells. First, direct cor­
tisol feedback at the level of the interrenal 
cells: our in vitro data might support this 
notion. Assuming that the initial in vitro 
cortisol release reflects in vivo secretory 
rates (Balm, 1986; Balm and Pottinger,
1993), the data demonstrate that interrenal 
cells of cortisol-treated tilapia release less 
cortisol than in controls, despite similar 
plasma ACTH levels. This would imply 
that ACTH is of minor importance for the 
maintenance of basal in vivo cortisol out­
put. Cortisol has recently been suggested 
on the basis of in vitro experimental evi­
dence to act at the level of the interrenal 
cells to render them less sensitive to ACTH 
(Bradford et al., 1992). However, this 
mechanism cannot explain the suppression 
of the interrenal response to capture by ex­
ogenous cortisol, since that initial response 
does not rely on ACTH. Alternatively, the 
results would be consistent with the idea 
that the initial phase of the interrenal re­
sponse is regulated by neuronal mecha­
nisms, which are sensitive to cortisol, ei­
ther at the level of the CNS or the interrenal 
cells. The kinetics of the cortisol response 
seem to favor this type of regulation. Fur­
thermore, corticosteroidogenesis is modu­
lated by a number of neurotransmitters de­
livered from nerve endings (Charlton, 1990) 
or released from nonsteroidal adrenal cells, 
regulating steroidogenesis in a paracrine 
fashion.
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